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Abstract 9 
Rural farm households in sub-Saharan Africa are vulnerable to climate variability due to their 10 
limited adaptive capacity. This paper explores how adaptation strategies are adopted by small-11 
holders in sub-Saharan Africa as a function of their adaptive capacity. The latter is characterised 12 
by five types of capital: natural, physical, financial, human, and social. We use responses from 13 
farm households in sub-Saharan Africa dating from 1536 obtained by Climate Change, 14 
Agriculture and Food Security (CCAFS). This data provides information on the adoption of 15 
adaptation practices during the study period as well as information with which we develop 16 
indicators for the five types of capital. The results suggest that all the five types of capital 17 
positively influence adoption of adaptation practices. Human and social capital both displayed a 18 
positive and significant effect on the uptake of most adaptation practices. This finding suggests 19 
that the effect of less tangible kinds of capital such as knowledge, individual perceptions, 20 
farmers’ networks and access to information may be stronger than normally assumed. Directing 21 
more development policies towards enhancing human and social capital may therefore be more 22 
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cost-effective than further investments into physical and financial capital, and could help in 23 
overcoming social barriers to adaptation to climate change.   24 
Keywords: Capital; Adoption; Farm-household; Sub-Saharan Africa; Mixed logit  25 
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1 Introduction 26 
Many farm households in sub-Saharan Africa (SSA) are vulnerable to climate change due to both 27 
their strong dependence on agricultural production, and a limited resilience to cope with 28 
changing conditions (Schlenker and Lobell, 2010). Moreover, agriculture in rural SSA is the main 29 
source of one’s livelihood and is the main contributor to GDP. At the same time, agriculture in 30 
SSA faces enormous challenges. Firstly, in growing enough food to support the rapidly growing 31 
population; in the last two decades the population in SSA has almost doubled (from 0.64 billion 32 
in 1998 to 1.05 billion in 2018) and is projected to reach 1.7 billion by 2050 (Livingston et al., 33 
2011). Secondly, there is increasing international pressure to not expand agricultural land at the 34 
expense of natural habitats for wildlife. Finally, climate change forecasts predict a decrease in 35 
production of between 8 to 22 percent in key staple crops such as maize, sorghum, groundnut, 36 
millet, and cassava by 2050. Predictions were based on various model specifications with a 37 
historic time series in the data sources (1961–2000 for NCC or 1961–2002 for CRU 2.1) 38 
(Schlenker and Lobell, 2010). These challenges need to be considered when developing policies 39 
that increase household food security, reduce poverty, improve livelihoods and facilitate climate 40 
change adaptation (AAP, 2013; Beddington et al., 2012; IFAD, 2013).  41 
Numerous studies in Africa have contributed to understanding how to promote the adoption of 42 
adaptation measures at the farm-level (e.g. Below et al., 2012; Bryan et al., 2013; Deressa et al., 43 
2009; Gebrehiwot and van der Veen, 2013; García de Jalón et al., 2016 and 2017; Nielsen and 44 
Reenberg, 2010; Silvestri et al., 2012). However, most studies evaluate the adaptation process 45 
by analysing how socioeconomic characteristics influence adaptation for example, by measuring 46 
farm household traits such as education, farm size, ownership, access to credit, and other 47 
variables that can be directly observed. Few studies have focused on how the adoption of 48 
practices is influenced by the five types of capital: natural, social, physical, financial, and human. 49 
This may be due to the fact that these five types of capital are difficult to characterise and 50 
quantify. 51 
The five forms of capital are defined as stocks or flows that have the capacity to produce flows 52 
of economically desired outputs (Goodwin, 2003). All forms of capital can be seen as indicators 53 
of wealth (e.g. Lange, 2004; Goodwin, 2003; Figge, 2005) or resilience (e.g. Thornton et al., 2006; 54 
Nelson et al., 2005). In addition, they can act as predictors of the uptake of adaptation strategies 55 
to climate change (e.g. Wheeler et al., 2013; Below et al., 2012; Iglesias et al., 2011).  56 
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Human capital refers to the productive capacities, knowledge, and personal attributes that make 57 
an individual more productive (Pindyck and Rubinfeld, 2013). In farming systems, indicators of 58 
this capital could be the number of people in the farm-household, education and attitudes 59 
towards the environment and climate change.  60 
Social capital consists of trust, understanding and cooperation between individuals and groups 61 
(Goodwin, 2003). Thus, the exchange of climate change information between farmers and 62 
institutions could be considered indicators of social capital. Indicators of this capital could also 63 
include memberships of agricultural associations, the access to information on climate and 64 
extreme weather events or the use of social networks (García de Jalón et al., 2018). 65 
Physical capital is formed by manufactured assets generated by applying human productive 66 
activities and are used to provide flows of goods and/or services (Goodwin, 2003). It refers to 67 
assets such as infrastructure and technology that may improve farm production. Indicators of 68 
physical capital in farming systems could include farm assets such as mechanical ploughs, 69 
irrigation systems, electronic assets, livestock and land holdings, and agricultural inputs.  70 
Financial capital is related to the capital stock that facilitates economic production. Indicators of 71 
this capital could be off-farm and on-farm income, access to credit, having a bank account and 72 
remittances.  73 
Natural capital refers to the resources and services of the natural world which yield valuable 74 
flows of goods and services into the future (Costanza and Daily, 1992). In farming systems, 75 
natural capital is mainly represented by agro-climatic characteristics which predetermine the 76 
suitability for agriculture such as climatic (e.g., temperature, precipitation, humidity, solar 77 
radiation) and soil (e.g., texture, structure, % organic matter, pH and depth) conditions.  78 
A large body of literature has aimed to study the drivers of adaptation at the farm-household 79 
level in SSA (e.g. Deressa et al., 2009; Nielsen and Reenberg, 2010; Silvestri et al., 2012; García 80 
de Jalón et al., 2017). The fact that only few studies focused on the effect of the five types of 81 
capital could be explained by the difficulty of characterising or quantifying these capitals, a 82 
process considerably more complex than measuring farm-household traits such as education, 83 
farm size, ownership, access to credit, etc. It is actually possible to include these farm household 84 
characteristics within the five types of capital. For instance, education or knowledge about 85 
climate change are indicators of human capital. Farm size, machinery and infrastructure are 86 
indicators of physical capital. This type of clustering of indicators into the five capitals has been 87 
done previously (e.g. Wheeler et al., 2013; Below et al., 2012).  88 
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Previous studies have demonstrated that the effect of the five types of capital on adoption, 89 
might be different for each adaptation strategy. The study of Wheeler et al. (2013) on Australian 90 
farmers showed, that in general, the five capitals positively influenced the adoption of 91 
adaptation measures, however, for each particular measure, the influence varied and was even 92 
negative in some cases. For example, low education had a positive effect on increasing irrigation 93 
area whereas it had a negative effect on changing crop mix. The study of Below et al. (2012) in 94 
the Morogoro region of Tanzania, found that some indicators of human and social capital such 95 
as education level or female headed households in some cases negatively impacted the adoption 96 
of some adaptation strategies. Their study also indicated that physical and financial capital were 97 
the greatest predictors for uptake of adaptation measures. Our study extends their research by 98 
exploring the influence of the five forms of capital on the adoption of fourteen agricultural 99 
practices in nine Sub-Saharan countries. The results may help identify barriers and incentives of 100 
adoption across Sub-Saharan smallholders and contribute to better understand how adoption 101 
may evolve as farm-household stocks and flows change over time.     102 
Regional scale mathematical models that are spatially explicit and consider land, weather and 103 
management characteristics (e.g. partial equilibrium models such as GLOBIOM) can predict the 104 
uptake of adaptation strategies over time. However, the actual uptake often turns out to be 105 
different from that predicted by the models as some key biophysical and/or socioeconomic 106 
characteristics at farm scale are not taken into account. Therefore, a better understanding of 107 
the determinants of adoption on the farm scale could ultimately serve to improve the accuracy 108 
of such regional scale models.  109 
This paper explores the adoption of fourteen agricultural practices during a 10-year time period 110 
in order to better understand farm scale effects. We assess how the adoption of these practices 111 
is affected by the five forms of capital at the farm-household level. By taking into account farm-112 
level dynamics the results of this study may contribute to better understand how adoption may 113 
evolve in Sub-Saharan Africa.     114 
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2 Materials and methods 115 
2.1. Data 116 
This study used three sources of publicly available data: survey data at the household level, 117 
social indicators at the district level and climate indicators at the regional level.  118 
Survey data was obtained from the survey of the CGIAR Research program on Climate Change, 119 
Agriculture and Food Security (CCAFS) which, was conducted in late 2010 and early 2011 120 
(Kristjanson, et al., 2011). The survey was based on face-to-face interviews at the farm-121 
household level and included 1538 farm households in 80 villages as part of 11 case studies 122 
across 9 countries (Burkina Faso, Ghana, Mali, Niger, Senegal, Ethiopia, Kenya, Tanzania, and 123 
Uganda). The CCAFS survey was designed with the purpose of developing simple and 124 
comparable cross-site household-level indicators for which changes in agricultural practices 125 
could be evaluated over time (more information available from Kristjanson, et al. (2011)).  126 
Additional indicator data to evaluate the natural capital were collected from different data 127 
sources. Agro-climatic data was obtained from WorldClim (www.worldclim.org/) and included 128 
annual precipitation as well as the difference between precipitation and potential 129 
evapotranspiration. This difference between precipitation (water supply) and potential 130 
evapotranspiration (water demand) could be used as an indicator of suitability for rain fed 131 
agriculture in terms of water availability. The duration of the growing period was obtained from 132 
FAO GeoNetwork (www.fao.org/geonetwork/).   133 
2.2. Uptake of the adaptation practices 134 
In this study, the dependent variable is the adoption level of adaptation practices in the farm-135 
households surveyed within the CCAFS research program. Our study assesses the adoption level 136 
of fourteen adaptation practices which are classified into six groups: i) Introducing more 137 
resistant crop varieties, ii) Introducing or improving irrigation, iii) Improving soil conservation, 138 
iv) Introducing integrated pest and crop management v) Increasing the use of fertilisers and 139 
agrochemicals and vi) Changing planting and cropping practices. 140 
In the literature, increasing the use of fertilisers and agrochemicals has been previously 141 
identified as necessary for sustained agricultural growth in Sub-Saharan Africa (Larson and 142 
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Frisvold, 1996; Schreinemachers and Tipraqsa, 2012) and considered as an adaptation strategy 143 
to climate change since a correct application can enhance water use in water-limited 144 
environments (Debaeke & Aboudrare, 2004). 145 
The drivers of adoption of the adaptation practices are classified according to the five kinds of 146 
capital: human, social, physical, financial, and natural.  147 
Table 1 shows the selected indicators of the five kinds of capital used to assess adoption. Within 148 
human capital, the indicators are education, size of the farm-household, and attitudes towards 149 
the climate change. Personal attributes such as behaviour and values that make an individual 150 
more productive are also considered part of human capital (Pindyck and Rubinfeld, 2013). The 151 
reason why farmers have adopted changes could reflect in a certain way beliefs in climate 152 
change and associated impacts such as changes in rainfall distribution and drought frequency. 153 
Thus, they could also be a determinant of adoption of adaptation strategies. For social capital, 154 
the indicators are related to membership of agricultural associations, and access and ability to 155 
use information on climate conditions and extreme weather events through social networks. 156 
Indicators of physical capital in farming systems include farm assets such as mechanical plough, 157 
irrigation systems, electronic assets, livestock and land holdings, and agricultural inputs. For 158 
financial capital, the indicators are off-farm and on-farm income, access to credit, having a bank 159 
account and remittances. Natural capital is represented by annual precipitation, the difference 160 
between precipitation and potential evapotranspiration and the duration of the growing period.  161 
< INSERT TABLE 1 > 162 
2.3. Relevance of the selected indicators 163 
We hypothesise that the five kinds of capital significantly contribute to the uptake of adaptation 164 
strategies at the farm household level.  165 
Indicators of human and social capital such as education, values, access and trust towards 166 
received information, involvement in local action groups etc. have been shown to reduce social 167 
barriers that may currently hinder or limit the adoption of adaptation strategies (Nielsen and 168 
Reenberg, 2010; Adger et al., 2009; García de Jalón et al., 2015). 169 
Both physical and financial capital are expected to have stronger effects on the adoption of 170 
adaptation measures than the other forms of capital. Both of these forms of capital are 171 
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indicators of farm-household wealth which has been found to strongly influence adoption of 172 
adaptation strategies (Deressa et al., 2009; Bryan et al., 2013).  173 
Natural capital is hypothesised to have both positive and negative effects on the adoption of 174 
adaptation. On the one hand, the positive effect on adoption could arise by the fact that farms 175 
located in areas more suitable for agriculture are more likely to have more developed farming 176 
systems and consequently higher adaptive capacity. On the other hand, farms located in arid 177 
and semi-arid regions with a lower natural capital are sometimes projected to suffer stronger 178 
climate change impacts and consequently the need of adaptation could be higher. Moreover, 179 
adopting some adaptation practices that could enhance farming sustainability (e.g. introducing 180 
crop cover, rotations, and intercropping) allows coping with low water availability in water 181 
limited environments (Bodner et al., 2007; Debaeke and Aboudrare, 2004). Thus it could be 182 
expected that adoption of certain adaptation practices might be higher in drier regions as a 183 
result of higher needs for adaptation to climate change. 184 
2.4. Modelling framework 185 
The influence of the five types of capital in 2010 on the uptake of the selected adaptation 186 
practices between 2000 and 2010 is assessed with a generalised linear mixed model. The 187 
adoption of the practices is treated as a binary dependent variable taking the value of 1 if the 188 
given practice is adopted and 0 if not. The five types of capital are the predictors of adoption. In 189 
this way, a random intercept Logit model is developed, with random effects for each of the 80 190 
villages.  191 
Equation (1) describes the random intercept Logit model in terms of a latent linear response, 192 
where only 𝑦𝑖𝑗 = 𝐼(𝑦𝑖𝑗
∗ > 0) was observed for the latent variable     193 
𝑦𝑖𝑗
∗ =  𝑋𝑖𝑗𝛽 + 𝑍𝑖𝑗𝑈𝑗 + 𝜀𝑖𝑗                                                                                                                           (1) 194 
Where 𝑋𝑖𝑗  are the covariates for the fixed effects (i.e. five types of capital) of farm-household i 195 
in village j, with regression coefficients (fixed effects) 𝛽. 𝑍𝑖𝑗  are the covariates corresponding to 196 
the random effects, and could be used to represent both random intercepts and random 197 
coefficients. As our case is a random intercept model, 𝑍𝑖𝑗  equals the scalar 1. 𝑈𝑗  represents the 198 
error term for the random effects of the 80 villages which are estimated as variance 199 
components. 𝜀𝑖𝑗  are the errors following a logistic distribution with mean 0 and variance 
𝜋2
3⁄  200 
and are independent of 𝑈𝑗. 201 
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Defining 𝜋𝑖𝑗 = 𝑃𝑟𝑜𝑏(𝑎𝑑𝑜𝑝𝑡𝑖𝑜𝑛𝑖𝑗 = 1), Equation (2) indicates the final random intercept Logit 202 
model, 203 
𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑗) = 𝛽0 + 𝛽1𝐻𝑢𝑚𝑎𝑛𝑖𝑗 + 𝛽2𝑁𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗 + 𝛽3𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙𝑖𝑗 + 𝛽4𝑆𝑜𝑐𝑖𝑎𝑙𝑖𝑗 + 𝛽5𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑎𝑙𝑖𝑗 + 𝑈𝑗   (2) 204 
for j = 1,…,80, with i = 1,…,nj farm-households in village j (80 villages).  205 
The model (Equation 2) is applied to each of the fourteen adaptation practices. 206 
3 Results 207 
3.1. Uptake of adaptation practices for mitigating impacts of climate change  208 
3.1.1. Uptake of adaptation practices  209 
Firstly, we present descriptive statistics for the uptake of climate change adaptation practices 210 
(Table 2). The mean value indicated the adoption rate of adaptation practices between 2000 211 
and 2010 in the farm-households surveyed within the CCAFS program. As shown in Table 2, using 212 
manure or compost (57% farm households) and introducing intercropping (55% farm 213 
households) were the practices most frequently adopted. On the other hand, introducing crop 214 
cover (6% farm households), using integrated crop management (8% farm households) or pest 215 
control (7% farm households) and starting irrigation (11% farm households) were the least 216 
adopted adaptation practices. Overall, introducing more resistant crop varieties was a relatively 217 
widespread group of adaptation practices. 39% of the farm households planted drought tolerant 218 
crop varieties in the last 10 years and 24% and 25% planted disease and pest-resistant crop 219 
varieties, respectively.  Of the farm households surveyed, 11% and 13% introduced micro-220 
catchments and terraces respectively. Finally, 34% of farm households started or increased the 221 
use of fertilizers and pesticides and/or herbicides, and 37% of farm households introduced crop 222 
rotations. 223 
< INSERT TABLE 2 > 224 
 225 
3.1.2. Comparison of country averages 226 
The distribution of the five kinds of capital and the adoption rate in 2000-2010 of the six groups 227 
of adaptation practices is presented in Figure 1. The estimation of the levels of capitals and 228 
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adoption was based on the different indicators.  Since not all observed indicators of capitals had 229 
the same measurement scale the values were normalised to a scale from 0 to 1 and averaged 230 
for each type of capital. Country estimates were calculated as an average of surveyed farm-231 
households. 232 
Comparing East and West Africa, the uptake of adaptation practices in East Africa seemed to be 233 
higher than in West Africa. Overall, the most frequently adopted option was to increase the use 234 
of fertilisers and agrochemicals. However, whilst introducing more-resistant varieties was a 235 
measure commonly adopted in East Africa, the measure of changing the practices of planting 236 
was frequently adopted in West Africa. Moreover, introducing or improving irrigation and 237 
introducing integrated pest and crop management turned out to be the least frequently adopted 238 
options in both regions. 239 
In general, we find that high values of capital are associated with higher adoption. Thus Ghana, 240 
with the highest values for the five types of capital in West Africa also exhibited the highest 241 
levels of adoption. Similarly, in East Africa, Kenya and Tanzania exhibited the highest values for 242 
capital and for adoption levels. Ethiopia and Niger had the lowest values for capital as well as 243 
the lowest adoption levels. Uganda, with the highest value for natural capital, has relatively low 244 
adoption levels compared to other countries.  245 
< INSERT FIGURE 1 > 246 
 247 
3.1.3. Correlations between countries 248 
We analyse both the correlation matrix of forms of capital (bottom-left values) and of adaptation 249 
practices (top-right values) between countries (Table 3). The correlation matrix indicates the 250 
similarity of forms of capital and uptake of adaptation practices among countries. The results 251 
showed a higher correlation or similarity between neighbouring countries than between distant 252 
countries. For instance, Burkina Faso had the highest correlations with neighbouring countries 253 
such as Mali, Niger and Ghana. Senegal which among the studied countries only borders onto 254 
Mali had very low correlations with the rest of the countries. The correlations with respect to 255 
the uptake of adaptation practices were generally lower than for the forms of capital. 256 
< INSERT TABLE 3 > 257 
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3.2. The influence of the five forms of capital on the uptake of adaptation measures 258 
This section describes the results of the mixed logit model assessing the influence of the five 259 
types of capital on the uptake of adaptation measures in the last ten years (Table 4). 260 
3.2.1. More resistant crop varieties 261 
Most kinds of capital are found to have a significantly positive effect on introducing more 262 
resistant crop varieties. Human and social capital show a positive and significant effect on 263 
introducing drought tolerant, disease-resistant and pest-resistant crop varieties. This result is in 264 
line with the findings of Abebe et al. (2013), who concluded that both human and social capital 265 
are key determinants for the introduction of high-yielding and more resistant crop varieties on 266 
African farms. Whilst higher human capital could be linked to greater knowledge about new crop 267 
varieties and their potential benefits in a changing climate, higher social capital could be related 268 
with better access to seed dealers and to information on climate change. Physical capital, 269 
however, does not appear to significantly affect adoption.  Therefore, higher knowledge and 270 
access to information and seed markets seem to be better predictors of introducing climate 271 
resistant crop varieties when compared to farm-household assets. Financial capital is found to 272 
significantly impact the introduction of disease and pest-resistant crop varieties. However, in 273 
the case of introducing drought-resistant varieties the effect is not statistically significant. 274 
Natural capital was found to have the strongest effect in terms of introducing crop varieties 275 
which are more resistant to droughts, pests and diseases.  276 
This result differs from our initial hypothesis which assumed that the effect of physical and 277 
financial capital would have the strongest effect on adoption of this practice. This might be 278 
explained by the fact that the introduction of more resistant varieties might be limited by the 279 
access of farmers to improved seeds which could vary among the studied regions (Nordhagen 280 
and Pascual, 2013). Farmers who live in regions less suitable for agriculture might not be willing 281 
to invest in improved seeds as much as farmers who live in regions with higher natural capital 282 
associated to higher returns on investment. Furthermore, since most farms rely on rain-fed 283 
agriculture it might be possible that in dry regions farmers were already using drought-tolerant 284 
varieties before 2000 and consequently the introduction of new varieties in the period 2000-285 
2010 was rather low. 286 
3.2.2. Irrigation systems 287 
The findings are consistent with the aforementioned hypotheses that all forms of capital are 288 
expected to have positive effect on the adoption of irrigation systems. Physical capital is found 289 
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to be the strongest predictor. This seems reasonable since farm-households with more 290 
infrastructure would probably have higher capacity to introduce or improve irrigation systems. 291 
3.2.3. Soil conservation practices 292 
Introducing soil conservation practices such as micro-catchments and terraces is found to be 293 
fundamentally driven by social capital. This may be because in SSA the implementation of soil 294 
conservation techniques in agriculture has been strongly fostered by agricultural extension 295 
services and technical advisors (Rockström et al., 2009). Natural capital is not found to 296 
significantly affect the introduction of micro-catchments or terraces. However, it could be 297 
expected that in areas with low natural capital, such as water-limited environments, the need 298 
to adopt soil conservation practices is higher as it enhances the field capacity of soil, and 299 
increases the amount of retained water available for farming (Debaeke and Aboudrare, 2004). 300 
3.2.4. Integrated pest and crop management 301 
Human and social capital are found to have the strongest effect on introducing integrated pest- 302 
and crop management. This could be explained by agricultural networks and memberships in 303 
farming associations. Within human capital, education and climate change perceptions are 304 
found to be relevant determinants of this practice. The negative coefficient of natural capital in 305 
introducing integrated pest management indicates that this practice is more frequently adopted 306 
in the driest and least suitable agricultural regions. However, this could also be the result of 307 
different socio-economic contexts among the case studies. Parsa et al. (2014) found that socio-308 
economic factors such as insufficient training and technical support to farmers, lack of 309 
favourable government policies and support and low levels of education are the main obstacles 310 
of introducing integrated pest management in developing countries. 311 
3.2.5. Fertilisers and agrochemicals 312 
All kinds of capital are found to have a positive effect on increasing the use of fertilisers and 313 
agrochemicals with the exception of natural capital. Natural capital does not show a significant 314 
effect which implies that suitability for agriculture is not related to the use of fertilisers and 315 
agrochemicals. Physical capital (farm assets such as machinery and infrastructure) is the 316 
strongest predictor of fertiliser and agrochemical use. Social capital is found to have a relatively 317 
strong impact on adoption of this practice. This could be explained by the fact that social capital 318 
is formed by items related to access to information provided by dealers of fertilisers, 319 
agrochemicals or seeds. This finding agrees with Stuart et al. (2014) who pointed out that 320 
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fertiliser dealers and seed company agronomists are typically one of the most trusted sources 321 
of information of farmers.  322 
3.2.6. Changes in farm-management practices 323 
All forms of capital, except natural capital, show strong positive effects on introducing crop 324 
rotations. Human and social capital seem to be the strongest predictors of introducing 325 
intercropping. In the case of introducing crop cover, natural and financial capital show the 326 
strongest influence. The positive effect of the natural capital indicates that adoption of these 327 
practices is more likely in wetter regions. 328 
 < INSERT TABLE 4 > 329 
4 Discussion 330 
Our results show that between 2000 and 2010 the most frequently adopted adaptation practices 331 
in SSA were an increased use of fertilisers and agrochemicals. This observation can be explained 332 
in terms of the importance of fertilisers and agrochemicals, which are considered critical for 333 
growth productivity in SSA (Schlenker and Lobell, 2010). Adaptation practices such as 334 
introducing or improving irrigation systems, which can provide an immediate and effective 335 
response to a decrease in water availability, were not widely adopted. Such practices require 336 
higher investments and consequently, the financial barrier could hinder potential adoption. 337 
Burke et al. (2006) highlighted that, in the past two decades the investment in agricultural 338 
irrigation systems in SSA has declined considerably. This decrease could be due to both 339 
disappointing returns in response to elevated investments in this technology, and because farms 340 
require certain infrastructure and assets to afford irrigation systems. These observations are in 341 
line with our results which show that physical capital is the main driver in introducing or 342 
improving irrigation systems.   343 
4.1. Physical capital 344 
Physical capital is found to be the most powerful predictor of introducing or improving irrigation 345 
and of increasing the use of fertilisers and agrochemicals. Therefore, investing in improving 346 
farm-household assets such as infrastructure, as well as in inputs for crop production could lead 347 
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to an increase in the uptake of these climate change adaptation practices. Access to basic needs 348 
such as a home with electricity, tap water, improved roofing, etc. could also be important 349 
determinants of adoption since they indicate a certain level of household wealth which increases 350 
the probability of adoption (Kuntashula et al., 2015; García de Jalón et al., 2017). Thus a 351 
straightforward policy recommendation to enhance the adoption rate would be improving basic 352 
needs of farm-households. This policy measure aligns with the multitude of development 353 
policies (e.g. the Millennium Development Goals) suggested to eradicate extreme poverty 354 
(Beddington et al., 2012). 355 
4.2. Social capital 356 
Social capital is found to have a positive and significant influence on the uptake of all adaptation 357 
practices. This is in line with previous studies that suggest that by investing in social capital, such 358 
as access to information, agricultural extension services and farming associations and networks 359 
one could obtain an improved uptake of practices (Deressa et al., 2009; Below et al., 2012; AAP, 360 
2013; IFAD, 2013). Directly investing in improving social capital could contribute to overcoming 361 
the cognitive, normative and institutional barriers to adaptation (Jones and Boyd, 2011). These 362 
social barriers have been found to considerably hinder the uptake of adaptation, and to be the 363 
main cause of the failure for adopting so-called ‘no-regret’ or ‘low-regret’ adaptation options 364 
(Nielsen and Reenberg, 2010; Adger et al., 2009). 365 
4.3. Human capital 366 
Human capital is found to have a positive and significant influence on the uptake of all 367 
adaptation practices with the exception of introducing cover crops. This is in line with previous 368 
research that suggest that, education, an indicator of human capital, is an important 369 
determinant of farmers’ perception and attitudes towards climate change (García de Jalón et 370 
al., 2015; Islam et al., 2013) and of adoption of farm-level adaptation measures (Deressa et al., 371 
2009; Below et al., 2012).  372 
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4.4. Financial capital 373 
Although not always statistically significant, financial capital has a positive effect on the uptake 374 
of all adaptation practices. This indicates that for farm-households with high financial resources 375 
the likelihood of adoption was higher. This finding disagrees with García de Jalón et al. (2016) 376 
which found that in some cases the adoption of low-regret or no-regret adaptation measures 377 
was higher in poor farm-households. This difference could be explained by substitution of 378 
adaptation options. For instance, whilst wealthier farm-households have the capacity to 379 
introduce an irrigation system to reduce crop water stress, poorer farm-households might select 380 
alternative measures such as introducing crop rotations or intercropping to attempt to achieve 381 
the same benefits (Bruelle et al., 2017; Bodner et al., 2007; Debaeke and Aboudrare 2004). Thus, 382 
the effect of financial capital could be positive in some practices and negative in others.   383 
4.5. Natural capital 384 
Natural capital is found to mainly determine the introduction of resistant crop varieties. One 385 
explanation could be that adoption is more likely to take place in humid regions and areas more 386 
suitable for agriculture. However, the within country differences among the socio-economic 387 
contexts of the case studies such as institutional or normative factors could have stronger effects 388 
than the effect of the natural capital on adoption. Thus, the estimated effect of natural capital 389 
could be a combination of the natural capital and differences of socio-economic contexts 390 
between countries. For instance, access to improved seeds might not vary substantially among 391 
farms within the same area but it could vary among countries. This difference among countries 392 
can be driven by different socio-economic contexts and this difference can in some cases, be 393 
more relevant than the differences in natural capital. Thus, the estimated effects of the natural 394 
capital interact with the effect of regional socioeconomic characteristics.  395 
4.6. Substitution of capital 396 
The substitution of capital could play a key role in predicting the future adoption of adaptation 397 
measures in SSA. It is noteworthy that the estimated effects of the different forms of capital may 398 
not be the same in the future or in different socio-economic contexts due to capital substitution 399 
(Bowen et al., 2012). The economics literature has widely examined how factors of the 400 
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production function can be substituted for one another without limiting the capacity of 401 
production (Hartwick, 1978; Figge, 2005). With the economic development of farms, the 402 
influence on adoption of some factors of production such as knowledge in the labour force, 403 
entrepreneurship and technology can increase over time. Thus, it may be argued that with 404 
economic development, the returns to public investment in improving physical capital of farm-405 
households may diminish whereas returns related to other forms of capital such as social and 406 
human capital may increase. Moreover, adaptation to climate change could also increase the 407 
substitution of capitals (Reed et al., 2013).  408 
5 Conclusions 409 
This study has shown that the use of a mixed logit modelling approach can provide an analytical 410 
framework to estimate how the five types of capitals affect the uptake of adaptation strategies. 411 
Whilst increasing the use of fertilisers and agrochemicals was widely adopted in 2000-2010, the 412 
uptake of introducing irrigation, integrated crop management, and soil conservation practices 413 
was rather low. The effect of different forms of capital on adoption varied according to the 414 
adaptation practices. Overall, most kinds of capital positively influenced adoption. The results 415 
point to the importance of social and human capital. Instead of emphasising development 416 
policies that focus on physical assets and financial capital, a lot may be gained by supporting 417 
policies that enhance human and social capital.  418 
Acknowledgements 419 
Marc B. Neumann acknowledges financial support from the Ramón y Cajal Fellowship of the 420 
Ministry of Economy and Competitiveness of Spain (no. RYC-2013-13628).  421 
17 
 
References 422 
Abebe, G.K., Bijmana, J., Pascucci, S., Omta, O., 2013. Adoption of improved potato varieties in 423 
Ethiopia: The role of agricultural knowledge and innovation system and smallholder 424 
farmers’ quality assessment. Agricultural Systems 122, 22–32. 425 
Adger, W.N., Dessai, S., Goulden, M., Hulme, M., Lorenzoni, I., Nelson, D.R., Naess, L.O., Wolf, J., 426 
Wreford, A., 2009. Are there social limits to adaptation to climate change? Climatic 427 
Change 93, 335–354. 428 
Africa Adaptation Programme (AAP), 2013. AAP Terminal Report. http://www.undp-429 
aap.org/resources/publications/aap-terminal-report. Accessed September 2017. 430 
Beddington, J., Asaduzzaman, M., Clark, M., Fernández, A., Guillou, M., Jahn, M., Erda, L., Mamo, 431 
T., Van Bo, N., Nobre, C.A., Scholes, R., Sharma, R., Wakhungu, J., 2012. Achieving food 432 
security in the face of climate change: Final report from the Commission on Sustainable 433 
Agriculture and Climate Change. CGIAR Research Program on Climate Change, Agriculture 434 
and Food Security (CCAFS). Copenhagen, Denmark. www.ccafs.cgiar.org/commission. 435 
Accessed February 2017. 436 
Below, T.B., Mutabazi, K.D., Kirschke, D., Franke, C., Sieber, S., Sieber, R., Tscherning, K., 2012. 437 
Can farmers’ adaptation to climate change be explained by socio-economic household-438 
level variables? Global Environmental Change 22, 223–235. 439 
Bodner, G., Loiskandl, W., Kaul, H.P., 2007. Cover crop evapotranspiration under semi-arid 440 
conditions using FAO dual crop coefficient method with water stress compensation. 441 
Agricultural Water Management 93, 85–98. 442 
Bowen, A., Cochrane, S., Fankhauser, S., 2012. Climate change, adaptation and economic 443 
growth. Climatic Change 113, 95–106. 444 
Bruelle, G., Affholder, F., Abrell, T., Ripoche, A., Dusserre, J., Naudin, K., Tittonell, P., 445 
Rabeharisoa, L., Scopel, E., 2017. Can conservation agriculture improve crop water 446 
availability in an erratic tropical climate producing water stress? A simple model applied 447 
to upland rice in Madagascar. Agricultural Water Management 192, 281-293. 448 
18 
 
Bryan, E., Ringler, C., Okoba, B., Roncoli, C., Silvestri, S., Herrero, M., 2013. Adapting agriculture 449 
to climate change in Kenya: Household strategies and determinants. Journal of 450 
Environmental Management 114, 26–35. 451 
Burke, J., Riddell, P.J., Westlake, M., 2006. Demand for irrigated products in sub-Saharan Africa. 452 
Water Report No. 31. Food and Agricultural Organization of the United Nations, Rome. 453 
Costanza, R., Daly, H.E., 1992. Natural Capital and Sustainable Development. Conservation 454 
Biology 6 (1), 37–46. 455 
Debaeke, P., Aboudrare, A., 2004. Adaptation of crop management to water-limited 456 
environments. Europ. J. Agronomy 21, 433–446. 457 
Deressa, T.T., Hassan, R.M., Ringler, C., Alemu, T., Yesuf, M., 2009. Determinants of farmers’ 458 
choice of adaptation methods to climate change in the Nile Basin of Ethiopia. Global 459 
Environmental Change 19, 248–255. 460 
Figge, F., 2005. Capital Substitutability and Weak Sustainability Revisited: The Conditions for 461 
Capital Substitution in the Presence of Risk. Environmental values 14 (2), 185–201. 462 
García de Jalón, S., Burgess, P.J., Graves, A., Moreno, G., McAdam, J., Pottier, E., Novak, S., 463 
Bondesan, V., Mosquera-Losada, R., Crous-Duran, J., Palma, J.H.N., Paulo, J., Oliveira, T.S., 464 
Cirou, E., Hannachi, Y., Pantera, A., Wartelle, R., Kay, S., Malignier, N., Van Lerberghe, P., 465 
Tsonkova, P., Mirck, J., Rois, M., Grete Kongsted, A., Thenail, C., Luske, B., Berg, S., Gosme, 466 
M., Vityi, A., 2018. How is agroforestry perceived in Europe? An assessment of positive 467 
and negative aspects among stakeholders. Agroforestry Systems 92 (4), 829–848. 468 
García de Jalón, S., Iglesias, A., Barnes, A., 2016. Drivers of farm-level adaptation to climate 469 
change in Africa: an evaluation by a composite index of potential adoption. Mitigation and 470 
Adaptation Strategies for Global Change 21, 779–798. 471 
García de Jalón, S., Silvestri, S., Barnes, A., 2017. The potential for adoption of climate smart 472 
agricultural practices in Sub-Saharan livestock systems. Regional Environmental Change 473 
17 (2), 399–410. 474 
García de Jalón, S., Silvestri, S., Granados, A., Iglesias, A., 2015. Behavioural barriers in response 475 
to climate change in agricultural communities: an example from Kenya. Regional 476 
Environmental Change 15 (5), 851-865. 477 
19 
 
Gebrehiwot, T., van der Veen, A., 2013. Farm Level Adaptation to Climate Change: The Case of 478 
Farmer’s in the Ethiopian Highlands. Journal of Environmental Management 52, 29–44. 479 
Goodwin, N.R., 2003. Five Kinds of Capital: Useful Concepts for Sustainable Development. G-DAE 480 
Working Paper No. 03-07. 481 
Hartwick, J.M., 1978. Substitution among exhaustible resources and intergenerational equity. 482 
The review of economic studies 45 (2), 347–54. 483 
Iglesias A, Garrote L, Diz A, Schlickenrieder J, Martin-Carrasco F (2011) Re-thinking water policy 484 
priorities in the Mediterranean region in view of climate change. Environmental Science 485 
& Policy 14 (7): 744-757 486 
International Fund for Agricultural Development (IFAD), 2013. Smallholders, food security, and 487 
the environment. http://www.unep.org/pdf/SmallholderReport_WEB.pdf. Accessed 488 
February 2017. 489 
Islam, M.M., Barnes, A., Toma, L., 2013. An investigation into climate change scepticism among 490 
farmers. J Environ Psychol 34, 137–150. 491 
Jones, L., Boyd, E., 2011. Exploring social barriers to adaptation: insights from Western Nepal. 492 
Glob Environ Change 21, 1262–1274. 493 
Kristjanson, P., Garlick, C., Ochieng, S., Förch, W., Thornton, P.K., 2011. Global Summary of 494 
Baseline Household Survey Results. CGIAR Research Program on Climate Change, 495 
Agriculture and Food Security (CCAFS). Copenhagen, Denmark. 496 
http://www.CCAFS.cgiar.org. Accessed December 2017. 497 
Kuntashula, E., Chabala, L.M., Chibwe, T.K., Kaluba, P., 2015. The Effects of Household Wealth 498 
on Adoption of Agricultural Related Climate Change Adaptation Strategies in Zambia. 499 
Sustainable Agriculture Research 4 (4), 88-101. DOI:10.5539/sar.v4n4p88. 500 
Lange, G.M., 2004. Wealth, Natural Capital, and Sustainable Development: Contrasting 501 
Examples from Botswana and Namibia. Environmental & Resource Economics 29, 257–502 
283. 503 
Larson, B.A., Frisvold, G.B., 1996. Fertilizers to support agricultural development in sub-Saharan 504 
Africa: what is needed and why. Food Policy 21 (6), 509-525. 505 
20 
 
Livingston, G., Schonberger, S., Delaney, S., 2011. Sub-Saharan Africa: The state of smallholders 506 
in agriculture, Paper presented at the IFAD Conference on New Directions for Smallholder 507 
Agriculture, January 2011, Rome. 508 
http://www.ifad.org/events/agriculture/doc/papers/livingston.pdf. Accessed December 509 
2016. 510 
Nelson, R., Kokic, P., Elliston, L., King, J., 2005. Structural Adjustment: a vulnerability index for 511 
Australian broadacre agriculture. Australian Commodities 12, 171–179. 512 
Nielsen, J.Ø., Reenberg, A., 2010. Cultural barriers to climate change adaptation: A case study 513 
from Northern Burkina Faso. Global Environmental Change 20, 142–152. 514 
Nordhagen, S., Pascual, U., 2013. The Impact of Climate Shocks on Seed Purchase Decisions in 515 
Malawi: Implications for Climate Change Adaptation. World Development 43, 238-251. 516 
Parsa, S., Morse, S., Bonifacio, A., Chancellor, T.C.B., Condori, B., Crespo-Pérez, V., Hobbs, S.L.A., 517 
Kroschel, J., Ba, M.N., Rebaudo, F., Sherwood, S.G., Vanek, S.J., Faye, E., Herrera, M.A., 518 
Dangles, O., 2014. Obstacles to integrated pest management adoption in developing 519 
countries. PNAS 111 (10), 3889–3894. 520 
Pindyck, R.S., Rubinfeld, D.L., 2013. Microeconomics, 8th Ed. Pearson Education, Inc, New 521 
Jersey. 522 
Reed, M.S., Podesta, G., Fazey, I., Geeson, N., Hessel, R., Hubacek, K., Letson, D., Nainggolan, D., 523 
Prell, C., Rickenbach, M.G., Ritsema, C., Schwilch, G., Stringer, L.C., Thomas, A.D., 2013. 524 
Combining analytical frameworks to assess livelihood vulnerability to climate change and 525 
analyse adaptation options. Ecological Economics 94, 66–77. 526 
Rockström, J., Kaumbutho, P., Mwalley, J., Nzabi, A.W., Temesgen, M., Mawenya, L., Barron, J., 527 
Mutua, J., Damgaard-Larsen, S., 2009. Conservation farming strategies in East and 528 
Southern Africa: Yields and rain water productivity from on-farm action research. Soil & 529 
Tillage Research 103, 23–32. 530 
Schlenker, W., Lobell, D.B., 2010. Robust negative impacts of climate change on African 531 
agriculture. Environ. Res. Lett. 5. 532 
Schreinemachers, P., Tipraqsa, P., 2012. Agricultural pesticides and land use intensification in 533 
high, middle and low income countries. Food Policy 37, 616–626. 534 
21 
 
Silvestri, S., Bryan, E., Ringler, C., Herrero, M., Okoba, B., 2012. Climate change perception and 535 
adaptation of agro-pastoral communities in Kenya. Regional Environmental Change 12 (4), 536 
791-802. 537 
Stuart, D., Schewe, R.L., McDermott, M., 2014. Reducing nitrogen fertilizer application as a 538 
climate change mitigation strategy: Understanding farmer decision-making and potential 539 
barriers to change in the US. Land Use Policy 36, 210–218. 540 
Thornton, P.K., Jones, P.G., Owiyo, T., Kruska, R.L., Herrero, M., Kristjanson, P., Notenbaert, A., 541 
Bekele, N., Omolo, A., 2006. Mapping climate vulnerability and poverty in Africa. Report 542 
to the Department for International Development, ILRI, PO Box.709, Nairobi 00100, 543 
Kenya. Pp 171. 544 
https://cgspace.cgiar.org/bitstream/handle/10568/2307/Mapping_Vuln_Africa.pdf?seq545 
uence=1&isAllowed=y. Accessed August 2018. 546 
Wheeler, S., Zuo, A., Bjornlund, H., 2013. Farmers’ climate change beliefs and adaptation 547 
strategies for a water scarce future in Australia. Global Environmental Change 23, 537–548 
547. 549 
